Food allergies can alter the gut microbiome composition, increasing the risk of conditions such as ankylosing spondylitis (AS).
Introduction
Food allergy has emerged as an unanticipated "second wave" of the allergy epidemic, [1] dramatically increasing the burden of allergic diseases. [2] In some highly industrialized regions, the prevalence of food allergy in infants has reached 10%, [3] and there are reports that rates of food allergy are now increasing in parallel to the steep gradient of economic transition in rapidly developing countries. [4, 5] In addition, a study revealed that approximately 20% of the global population is sensitive to food extracts. [6] Allergens from foods such as crab, cow's milk, or eggs can cause skin rash, vomiting, or even death in susceptible individuals. [7, 8] In addition, allergic reactions can also cause nonsymptomatic changes such as chronic inflammation in the intestinal mucosa. [9] Kimura et al [10] reported elevation of serum levels of interleukin (IL)-2, IL-5, IL-6, IL-8, C-reactive protein (CRP), interferon-gamma (IFN-g), and tumor necrosis factoralpha (TNF-a) in patients with food protein-induced enterocolitis syndrome after an oral food challenge. Chen et al [11] found that the serum level of the inhibitory cytokine IL-10 was significantly lower in patients with food allergy. Kawaguchi et al [12] demonstrated that food antigens associated with high serum IgG levels caused intestinal inflammation by inducing the production of IFN-g and IL-17 by CD4 + T cells; this inflammation was ameliorated by the elimination of these food antigens. Moreover, another study showed that dysregulation of IL-6, IL-10, IL-17, TNF-a, and IFN-g contributed to the pathogenesis and progression of ankylosing spondylitis (AS). [13] AS is a chronic autoimmune disease characterized by axial skeleton arthritis and enthesitis. [14, 15] Although the pathogenesis of AS is not yet fully elucidated, an increasing number of studies have revealed an association between AS and the gut microbiome, [16, 17] which plays an important role in the development of the immune system. [18, 19] Several recent studies have also indicated a close relationship between food allergy and the intestinal microbiome. [20] A study by Ling et al [21] revealed that the composition of the intestinal microbiome in infants with food allergy was different from that in healthy controls, and that levels of Clostridium sensu stricto were correlated with serum IgE levels. Hua et al [22] reported that American adults with allergies, especially to nuts and seasonal pollen, have low diversity, reduced Clostridiales, and increased Bacteroidales in their gut microbiota. In addition to its involvement in food allergy, the intestinal microbiome has an important role in the pathogenesis and progression of several autoimmune diseases because it is involved in how the immune system functions. [23, 24] Dysfunction of the host-microbiota relationship may be a central event in the pathogenesis of spondyloarthropathy. [25] Alteration of the gut microbial population disrupts the gut barrier, leading to mucosal inflammation and increased serum levels of pro-inflammatory cytokines, which contribute to the development of AS. [26] Food allergy is one of the most common reasons for mucosal inflammation. [9, 27] As both food allergy and autoimmune disease are closely linked to the intestinal microbiome, it is a reasonable hypothesis that food allergy plays a role in the development of autoimmune diseases such as AS.
Several recent studies have indicated the existence of an association between food allergy and rheumatoid diseases. A study by Li et al [28] revealed that the pathogenesis of rheumatoid arthritis is closely correlated with increased levels of egg-or milkspecific antibodies. Cai et al [29] found that patients with ulcerative colitis and inflammatory bowel diseases had higher sensitivity to food allergens. However, to the best of our knowledge, no studies have investigated the involvement of food allergy in the development of AS.
Traditionally, researchers used to focus on the presence of serous IgE antibodies as an indicator of food intolerance, but such characteristically immediate allergic reactions are quite rare in some conditions. By contrast, circulating IgG antibodies reflect a more delayed or even asymptomatic response following exposure to a unique food antigen. [29] In this study, we investigated the differences in the serum levels of 14 food antigen-specific IgG between AS patients and healthy participants in order to identify specific allergens that are associated with AS. In addition, we further analyzed the correlations between serum levels of antigenspecific IgG and CRP, a typical inflammatory biomarker used as an indicator for AS disease activity, to explore the association between allergen-specific IgG and disease activity in AS patients.
Methods
This study was approved by the Institutional Review Board of Sichuan University. All participants provided written informed consent to participate in this study.
Participants
We enrolled 78 healthy volunteers (48 men and 30 women) and 75 patients with AS (46 men and 29 women) who underwent specific IgG tests in the West China Hospital between January 2015 and October 2017. Patients and healthy controls were matched according to both age and sex. AS was diagnosed by rheumatologists according to New York clinical criteria. [30] CRP levels were measured when patients were recruited. The characteristics of the patients and healthy controls are shown in Table 1 .
Blood samples
All participants provided a 3-mL fasting blood sample, which was collected into a BD Vacutainer tube (BD Biosciences, San Diego, CA) containing sodium heparin. Plasma was obtained after centrifugation and stored at 2-8°C until testing. Before testing, all samples were incubated at room temperature (18-25°C) for 30 minutes.
Serum antigen-specific IgG analysis
An enzyme-linked immunosorbent assay was used to detect the serum antigen-specific IgG level according to the operation manual (Biomerica Inc., Newport Beach, CA). Levels of specific IgGs for the following 14 food allergens were measured: rice, egg, mushroom, milk, pork, chicken, beef, crab, codfish, corn, soybean, tomato, shrimp, and wheat.
Statistical analysis
The following summary statistics are used to describe the participants' baseline characteristics: mean (standard deviation), median (interquartile range), or number (percentage). Numerical results are expressed as median and interquartile range, and were analyzed using IBM SPSS software (version 20.0; IBM Corp., Armonk, NY). The x 2 test was used to analyze the difference in sex between patients with AS and healthy controls. A 2-tailed Student t-test or a Mann-Whitney U test based on the results of Levene test was used to evaluate differences in age and IgG levels between AS patients and healthy controls. A Spearman's correlation was performed to detect correlations between the IgG and CRP levels. The Bonferroni method was used to correct the significance levels, which were set at 0.003 for all statistical tests.
Results

Differences in serum levels of antigen-specific IgG between patients with AS and healthy controls
As shown in Table 2 , beef-, pork-, and crab-specific IgG levels were significantly higher in patients with AS than in healthy controls (all P-values <0.003, Table 2 and Fig. 1 ). Table 1 Characteristics of patients with AS and healthy controls. Table 2 Differences in serum levels of antigen-specific IgG between patients with AS and healthy controls. Figure 1 . Differences in serum beef-, pork-, and crab-specific IgG levels between AS patients and healthy controls. AS = ankylosing spondylitis.
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Correlations between serum levels of antigen-specific IgG and CRP
A statistically significant positive correlation was found between serum levels of pork-specific IgG and CRP (r = 0.597, P-value = 4.98EÀ04), whereas serum levels of all other antigen-specific IgG did not show any significant correlation with the CRP level (all Pvalues > 0.003, Table 3 ).
Discussion
The inverse correlation between the onset of allergic disorders and the incidence of infections has been demonstrated, [31, 32] but the relationship between allergy and AS is still unclear. In this study, patients with AS had significantly higher serum levels of beef-and pork-specific IgG than healthy controls did. Both beef and pork are types of red meat that contain galactose-a-1,3-galactose (a-Gal) as the primary allergen. [33] a-Gal is the most abundant natural antigen in all mammals except Old World monkeys and humans. [34] The anti-Gal antibody is involved in several immunological pathogeneses, including allergy to red meat and cetuximab-a monoclonal antibody used in cancer therapy. [35] A study by Wigglesworth et al revealed that binding of a-Gal and anti-Gal antibodies could activate the complement system, resulting in the recruitment and activation of macrophages, which then infiltrate the wound and induce tissue regeneration. [36] This pro-inflammatory effect indicates that binding of a-Gal and anti-Gal antibodies might contribute to the pathogenesis and progression of AS. In addition, a positive correlation between serum levels of pork-specific IgG and CRP was found in the present study, which suggests that pork-related food allergy (a-Gal) plays a potential role in AS development.
Crabs and shrimp are types of shellfish, and shellfish antigens have a high level of cross-reactivity. [37] We found higher serum levels of crab-specific IgG in patients with AS than in healthy controls; however, a similar difference was not detected for shrimp-specific IgG. This suggested that patients with AS are more sensitive to the unique crab antigens, but not to similar antigens found in shellfish. Although reports of a correlation between crab or shellfish antigens and autoimmune diseases are rare, our finding might be useful for managing the diet of patients with AS.
Our study has some limitations. The sample size was small, which could lead to inaccurate results. In addition, we only measured CRP levels in this study; levels of several inflammatory cytokines such as interleukins, IFN-g, and TNF-a should be investigated in future studies.
Conclusions
Serum levels of beef-, crab-, and pork-specific IgG differed significantly between patients with AS and healthy participants. These findings suggest that the predominant natural antigen in mammalian meat, a-Gal, might play a role in the pathogenesis of AS; this potential role and the underlying mechanism should be explored in future studies. Our findings indicate that patients with AS should avoid allergenic foods such as beef, crab, and especially pork in their diet. Table 3 Correlations between serum levels of antigen-specific IgG and CRP. 
